The behavior of a neutral polyampholyte ͑PA͒ chain with N monomers, in an ionic solution, is analyzed in the framework of the full Debye-Hückel-Bjerrum-Flory ͑DHBjF͒ theory. A PA chain, that in addition to the neutral monomers, also contains an equal number of positively and negatively charged monomers, is dissolved in an ionic solution. For high concentrations of salt and at high temperatures, the PA exists in an extended state. As the temperature is decreased, the electrostatic energy becomes more relevant and at a TϭT the system collapses into a dilute globular state, or microelectrolyte. This state contains a concentration of salt higher than the surrounding medium. As the temperature is decreased even further, association between the monomers of the polymer and the ions of the salt becomes relevant and there is a crossover from this globular state to a low temperature extended state. For low densities of salt, the system is collapsed for almost all temperatures and exhibits a first-order phase transition to an extended state at an unphysical low temperature. ͓S1063-651X͑96͒00712-X͔ PACS number͑s͒: 36.20. Ey, 64.60.Cn, 82.35.ϩt, 87.15.By 
I. INTRODUCTION
In recent years, there has been a lot of interest in the study of the physical properties of macromolecules. When dissolved in a good solvent, a neutral macromolecule, that is, made of N units ͑monomers͒, is characterized by a radius of gyration that scales as RϳN a, with ϭ3/5. In a bad solvent, as the temperature is lowered, a polymer undergoes a phase transition from an extended state, characterized by ϭ3/5, to a compact globular state, with ϭ1/3. At the transition point TϭT the system assumes a coil configuration, with ϭ1/2. The transition resembles the tricritical behavior present in some magnetic materials ͓1͔ and can be described by the Flory-de Gennes theory ͓1-4͔.
In nature, however, charged polymers are prevalent. They can be divided into two classes, polyelectrolytes and polyampholytes ͑PAs͒. The most common example of a polyelectrolyte is a DNA dissolved in water ͓5͔. Upon dilution, the phosphate groups of the DNA molecule lose their H ϩ atoms and become ionized. All the ionized groups of the polyion carry the charge of the same sign. The repulsion between the like charges helps to stretch the molecule and contributes to the overall persistence length of a polyion ͓6,7͔.
Proteins, on the other hand, are an example of polyampholytes. A PA molecule can have monomers of either positive or negative charge. Thus two extremes are possible. In one extreme, we can have a neutral PA, in which the number of positive monomers is exactly equal to the number of negative monomers. In the other extreme, all the monomers can be of the same sign, in which case a PA will be equal to a polyelectrolyte. In this paper we shall confine our attention to the case of a neutral PA.
In contrast to a normal polymers, the understanding of PAs is rather poor. This is due to the difficulty of properly accounting for the long-range Coulomb interaction between the monomers of a PA. The long-range electrostatic interaction is qualitatively different from the short-range excluded volume repulsion, that drives the coil-globule transition in a usual uncharged polymer. Consequently, our understanding of the full conformational structure of the PA is rather incomplete.
One of the first attempts to study a neutral PA was done by Edwards, King, and Pincus ͓8͔. They argued, on the basis of the Debye-Hückel ͑DH͒ limiting law, that when the polymer chain is in a nonionic solvent, the competition between the net attractive electrostatic energy of the PA and the reduction in its entropy, due to the confinement in a sphere smaller than its natural radius, leads to a transition from an extended coil to a ''dilute globular state'' ͑microelectrolyte͒. The microelectrolyte is characterized by a density smaller than that of the collapsed state of a chain made of neutral monomers. The microelectrolyte picture of a PA was further extended and elaborated in the work of Higgs and Joanny ͓9͔, who have concluded that a sufficiently long PA will always be collapsed.
In a recent papers, we have investigated ͓10,11͔ the possibility of a different type of coil-globule transition in a neutral nonalternating PA. In the absence of salt, the behavior of a neutral PA, with N charged monomers, was analyzed in the framework of the full DH theory ͓12͔, augmented by Bjerrum's idea of ion association ͓13͔ and Flory's affine network theory ͓14͔ of rubber elasticity. In this approach, allowance was made for the fact that a strong electrostatic attraction between the unlike monomers makes it favorable for them to associate forming intermolecular bridges. The PA molecule then resembles an affine network with the crosslinks of functionality 4 ͓15͔. It was found that at high temperatures the crosslinks are quite rare, and the picture of a PA as existing in a dilute globular state remains unchanged, with the radius of gyration scaling as RϳaN and ϭ1/3 ͑microelectrolyte͒, as predicted by Edwards et al. ͓8, 9͔ . As the temperature is decreased, the ionic association becomes energetically favorable. At very low temperatures, the fraction of unassociated charged monomers approaches zero and the PA molecule resembles a microgel, with ϭ2/5 ͑compare with the Flory exponent F ϭ3/5). The two states are separated by a first-order phase transition. It is interesting to note that unlike the case of an usual neutral polymer, the extended state of PA (ϭ2/5) occurs at low temperatures.
In order to analyze the effects of the addition of salt to the polymeric solution ͓16͔, Higgs and Joanny ͓9͔ extended Edwards, King, and Pincus ͓8͔ method, including the electrostatic interaction between the charged monomers of the chain and the free ions of the salt. They considered the case where the density of charges on the PA is of the same order of magnitude as the density of added salt. They have concluded that the only effect of added salt was to renormalize the second virial coefficient, adding an attractive term to it. At high temperatures and in a good solvent, the excluded volume term dominates the attractive DH contribution and the chain is extended. As the temperature is decreased, the electrostatic contribution balances the excluded volume contribution and the polymer collapses into a dilute globular state.
Higgs and Joanny's theory ͑HJ͒, however, is based on the assumption that the density of the polymer is close to the density of salt, which is actually a good approximation only when the densities are quite high. Furthermore, since HJ work in the framework of the linearized DH theory, their conclusions can only be trusted at high temperatures and cannot be extended to the low temperatures, where they find an unphysical divergence of the concentration of ions near the PA.
In order to further explore these issues, we analyze this problem in the framework of the full Debye-Hückel Bjerrum-Flory ͑DHBjF͒. The possible association between the counterions and the monomers of the chain is explicitly taken into account. In a good solvent and for density of salt 0 Ͼ ( is the density of polymer in extended state at high temperatures͒, corresponding to the region where HJ found the transition, the system has the following behavior. For high temperatures, the repulsion due to the excluded volume dominates over the DH electrostatic attraction and the polymer is extended. The counterion association is insignificant in this region. As the temperature is decreased, the electrostatic energy prevails and at TϭT the system collapses into the dilute globular state, in agreement with the HJ predictions. We obtain explicitly the values of the transition temperature for different densities of salt and for different volume fractions of charged monomers. As the temperature is lowered even further, the counterion-monomer association becomes energetically favorable. The number of ions of salt attached to the chain increases. As T→0, the fraction of unpaired monomers approaches zero and the PA molecule becomes extended like a usual neutral polymer. Within our approach we find that the instability observed by HJ is hidden inside the metastable region of the salt solution. Furthermore, beyond the HJ results, we are able to investigate the properties of a polymer-salt solution when the density of salt is quite small. We find that for 0 Ͻ, the fluctuation induced attraction between the monomers is strong and the polymer exists in a dilute collapsed state for almost all temperatures. At very low temperatures and low densities, the system undergoes a first-order transition into an extended state.
The paper is organized as follows. In Sec. II our model for PA ϩ salt is presented and the Helmoltz free energy of the composed system is constructed. A full thermodynamic analysis is formulated in Sec. III, in particular, the equations that determine the equilibrium configurations of the system. In Sec. IV a detailed discussion of our results is presented.
II. DESCRIPTION OF THE MODEL

A. Introduction
We consider a polyampholyte ͑PA͒ chain consisting of N constitutional units ͑hereafter referred to as monomers͒ of three different types: N N neutral monomers, (NϪN N )/2 positive monomers and (NϪN N )/2 negative monomers, randomly distributed along the chain, each spherical in shape with a diameter a. The polymer chain occupies an effective sphere of volume V i ϭ4R 3 /3, where R, the radius of gyration, measures the end-to-end extension of the polymer. The reduced density of monomers *ϭa 3 inside the globule is *ϭ3Na 3 /(4R 3 ). The solvent that occupies the total volume V of the system is represented by a uniform medium of a dielectric constant ⑀ in which an amount of simple 1:1 salt has been added. The positive and negative ions of salt dissolved in the solvent have a fixed densities 0 ϭ 0 ϩ ϩ 0 Ϫ ϭ2 0 ϩ ϭ2 0 Ϫ . The basic approximations of our model are ͑1͒ in the limit of large dilution we can neglect the interactions between different PAs and concentrate our attention on one chain. ͑2͒ The most relevant interaction between the monomers of the chain and the free ions of salt is of electrostatic nature. For simplicity, the excluded volume interactions between the PA and the salt will be neglected. ͑3͒ The short-range interactions between the polymer and nonionic solvent are included in the effective value of the second virial coefficient.
The strong electrostatic interactions make it favorable for the ions of salt to associate with the PA. After the thermal equilibrium is achieved, the chain is composed of three different structures: neutral monomers, free charged monomers, and monomers that have an associated ion of salt attached to them ͑see Fig. 1͒ . We shall refer to the latter as a ''dipolar pair.'' The total number of monomers can then be written as 
where N p ϩ and N p Ϫ are the number of unassociated positive and negative monomers and N d is the total number of dipoles. Defining f as the number fraction of charged monomers in the PA, and x as the fraction of charged monomers that form dipoles, we can write
It is then possible to express the densities of neutrals, charges, and dipolar pairs, in terms of the total density of the chain ϵN/V i by the expressions
where d ϩ and d Ϫ are the densities of dipoles containing positive and negative monomers, respectively. In principle, ions of salt are different from the monomers of the PA and the dipoles formed of positive and negative monomers have to be distinguished. Since, however, the PA is neutral, in equilibrium d ϩ ϭ d Ϫ . The salt particles are free to move along the whole volume of the composed system. In the absence of the PA, the positive and negative charges are uniformly distributed with a constant density 0 . In the presence of PA, due to electrostatic fluctuations, the density of salt near the polymer is not equal to 0 . Therefore, in order to treat the problem in a simple way, we shall divide the total system of volume V into two subregions: ''inside'' and ''outside'' the volume V i . The density of salt particles outside is uniform and equal to 0 ϭN 0 /V 0 , where VϭV i ϩV 0 . The density of the salt inside the volume V i is s ϭ s ϩ ϩ s Ϫ . Since there is an equal number of positive and negative free ions,
B. Helmoltz free energy
The Helmoltz free energy for the whole system is the sum of two terms FϭF i ϩF 0 . The ''inside'' free energy F i , associated with the subregion where the polymer and the salt coexist, and the ''outside'' contribution F 0 , for the regions where only salt is present. The free energy in the outside region is composed of ͑i͒ an energy due to short-range repulsion; ͑ii͒ an electrostatic energy due to the interaction between ions; ͑iii͒ and the kinetic-entropic contribution. For the inside region, the Helmoltz free energy F i , contains ͑i͒ an elastic contribution due to the elongation and contraction of the chain; ͑ii͒ an energy due to the monomer-monomer interaction; ͑iii͒ an energy due to the ion-ion short range repulsion; ͑iv͒ an electrostatic energy of monomer-monomer, saltsalt, and monomer-salt interactions; ͑v͒ an entropic energy due to the mixing of the different types of particles present inside the region V i .
Elastic free energy
According to the Flory-de Gennes ͓2,14,17͔ theory, the elastic free energy of the chain is ͓18͔
where ␣ϭR/R 0 is the expansion factor of the chain, measured relative to the nonstrained Gaussian state with radius R 0 ϷaͱN.
Free energy of excluded volume
Following the usual Flory-de Gennes ͓1-4͔ theory, the short-range interactions between the particles of the chain, at low densities, are approximated by a virial expansion
where W 1 and W 2 are second and the third virial coefficients. The excluded volume interaction for the salt is approximated by the free-volume form ͓19,20͔
where B is chosen to yield appropriate maximal packing densities or to match high-T second virial coefficient. Since we are assuming that the relevant interaction between the monomers and the salt particles is electrostatic, we do not consider the excluded volume repulsion between the free ions inside V i and the monomers. Outside V i , the excluded volume contribution to the Helmoltz free energy is
and, for small densities 0 , it can be neglected.
Electrostatic term
The electrostatic interaction between the charges is calculated in the framework of the Debye-Hückel ͑DH͒ theory. The standard argument leads to ͓12,19-21͔
Inside V i , the inverse Debye screening length ϭ1/ D , is determined by all free unassociated charged species, i.e., both monomers and salt ions, so that (a) 2 ϭ4 1 */T*, where 1 *ϭa 3 N 1 /V i ϭ s *ϩ f (1Ϫx)* and T*ϭk B T⑀a/q 2 . Outside the volume V i , the Debye length is determined by the concentration of salt (a) 2 ϭ( 0 a) 2 ϭ4 0 */T*.
The DHBj theory has proven to be successful in giving the correct qualitative picture of a simple electrolyte ͓19-21͔. Thus, while inclusion of higher-order contributions, such as dipole-ion and dipole-dipole interactions, improves the quantitative agreement of the theory with experiments ͓22͔ and Monte Carlo ͑MC͒ simulations ͓23͔, most of the important physics is already captured at the DHBj level ͓20͔.
As a leading-order approximation we shall, therefore, treat the dipolar clusters as ideal noninteracting specie.
Free energy of mixing
Inside the volume V i , the system is composed of a mixture of neutral, positive and negative monomers, as well as, positive and negative ions of salt, and dipoles made of monomers and associated counterion. If the bonds connecting the monomers were cut, we would have a ''gas'' made of these species. The ideal gas free energy of the mixture is
where ⌳ j (T) is the mean thermal wavelength, ⌳ j (T)ϭh/ͱ2m j k B T, m j is the geometric mean mass for a cluster of k j units, and j (T) is the internal partition function. The index j specifies all the possible species: positive, negative, and neutral monomers, dipoles, and positive and negative free ions. In our case k N ϭk Ϫ ϭk ϩ ϭk s ϭ1 and k 2 ϭ2. To simplify the notation, we shall take the masses of both monomers and ions to be equal to m; therefore, ⌳ j (T)ϭ⌳. Since all the monomers are hard spheres, the molecular partition is a constant N ϭ 1 ϭ s ϭϭ1. For dipoles, however, the internal partition function is ͓13͔
where K(T*) defines an association constant for the formation of bound dipolar pairs. For the cutoff c, we use the Bjerrum's choice a/2T* which corresponds to the inflection point of the integral as a function of c. The Bjerrum equilibrium constant is
As was shown by Ebeling ͓24͔ the low temperature asymptotic value of this constant is in exact agreement with the cluster expansion ͓25͔.
While the ions of the salt are free to move independently of each other, the monomers of PA are constrained by the bonds that maintain the integrity of the chain. Equation ͑9͒, therefore, overestimate the entropic free energy by the amount equivalent to the free energy of the ideal gas composed of N particles. The free energy of mixing is therefore,
Outside, in V 0 , the entropic contribution to the free energy is given by an ideal gas free energy
III. THERMODYNAMICS OF THE SYSTEM
The equilibrium configuration of the PA ϩ salt system is determined by the minimization of the Gibbs free energy. Since the total system is composed of two subregions, the total Gibbs free energy can be written as GϵG i ϩG 0 , where G i is the Gibbs free energy of the subsystem formed by the ''inside'' region and G 0 is the Gibbs free energy for ''outside'' region, V 0 . The minimization of the total free energy implies that ␦Gϵ␦G i ϩ␦G 0 ϭ0 and, consequently,
The total volume of the system is fixed, VϭV i ϩV 0 , which leads to the condition ␦V i ϭϪ␦V 0 and, consequently, to the equality of the osmotic pressures PϵϪ‫ץ‬G/‫ץ‬V inside and outside the globule,
In the above expression, our first condition for equilibrium, P p , P s , and P 0 are the osmotic pressures of the polymer, salt inside the volume V i , and salt in V 0 , respectively. Now, since the total number of ions of salt, and the condition for free exchange of salt between the ''inside'' and the ''outside'' regions 0 ϭ s . ͑18͒
Instead of working with a full system composed of both the ''inside'' and the ''outside'' regions, we can confine our attention strictly to the ''inside'' region, at the expanse of introducing some Lagrange multipliers. This leads to an effective Gibbs free energy
where F is the Helmoltz free energy of the ''inside'' region,
and the pressure P 0 and the chemical potential 0 play the role of Lagrange multipliers. All the thermodynamic information about the ''inside'' region is now contained in G. The equilibrium state of the PA ϩ salt subsystem is determined by the minimization of G, ␦Gϭ0,
Making once again use of the conservation of the number of charged monomers and of the number of particles of salt, it is not hard to show that this reduces to three equilibrium Eqs. ͑15͒, ͑17͒, and ͑18͒, respectively. To find the quilibrium state of the PA ϩ salt system, these equations must be solved simultaneously. Explicitly, the conditions for equality of pressures and for free exchange of salt between the ''inside'' and the ''outside'' regions are, respectively,
where zϵaϭͱ4 1 */T* and z 0 ϵ 0 aϭͱ4 0 */T* and,
The condition of chemical equilibrium between the dipoles and the monopoles reduces to,
The equilibrium configuration of the PA, for a fixed T and 0 , is given by the solutions of the coupled Eqs. ͑22͒, ͑23͒, and ͑24͒.
IV. RESULTS AND DISCUSSION
For a fixed temperature and the external density 0 , these equations can now be solved to yield the values of ␣, x, and s . However, as the temperature is lowered, below T c * ͑see
Appendix A for details͒, the salt solution phase separates into a high ͑liquid͒ and low ͑vapor͒ density phases. A PA then finds itself either in the high or low density phase of the salt solution ͑see Fig. 2͒ . We shall assume that the PA will be in the high density phase if the original density 0 Ͼ c , where c is the critical point density for the pure salt solution ͓19,20͔, and in the low density phase 0 Ͻ c . We chose a path such that, as the temperature is lowered, the density of the salt remains constant and equal to 0 up to T * ͓the temperature at which 0 ϭ (T *), where is the coexistence curve boundary͔. Below T * 0 ϭ (T*).
In order to obtain the phase diagram of the system, we assumed W 1 ϭ4a 3 /3, the value corresponding to the second virial coefficient for the gas of hard spheres, Nϭ100 and f ϭ1. We chose two different paths: one on the vapor side of the coexistence curve, represented by the path V in Fig. 2 and another on the liquid side of the coexistence curve, represented by the path L.
First, the high temperature density of the salt outside the volume V i was fixed at 0 *ϭ0.0139Ͼ* ͑corresponding to T *ϭ0.06), which implies a quench on the liquid side of the coexistence curve as shown in Fig. 2 . Here, *Ӎ0.0065 is the reduced density of the polymer in the extended state, associated with ␣ϭ␣, where ␣ is the solution of Eq. ͑27͒, with W 1 Ͼ0 ͓see Fig. 4͑b͔͒ . Solving Eqs. ͑22͒, ͑23͒, and ͑24͒, the following phase diagram arises ͑see Fig. 3 and Fig. 4͒ . At high temperatures, the excluded volume repulsion is the dominant interaction and the polymer is extended ͑scaling as ϭ3/5). As the temperature is decreased, the fluctuation induced electrostatic attraction increases and, at a temperature T * the polymer collapses into a dilute globular state, the microelectrolyte ͑see Appendix B for details͒. As the temperature is decreased even further, association between the monomer and the counterions begins to takes place. The values of x and ␣ smoothly increases and the polymer expands. Meanwhile, the density of the salt inside the globule approaches from above the value of the density outside the volume V i , l (T). In the Appendix B this collapse transition is analyzed in detail and the transition temperature T * is calculated in the framework of the full DH theory for different values of salt density and fraction of charged monomers. The unphysical divergence of the density of salt in the vicinity of a PA, encountered by HJ is no longer present, being hidden inside the coexistence region, as shown in Fig. 2 .
Next, the high temperature density of salt outside V i was fixed at 0 *ϭ0.003Ͻ c * ͑at T *ϭ0.0618), which implies a path on the vapor side of the coexistence curve. The solution of Eqs. ͑22͒, ͑23͒, and ͑24͒ leads to the phase diagram for this region, shown in Fig. 3 and Fig. 5 . Even for high temperatures, the electrostatic energy is quite large and, consequently, the polymer is found in the dilute globular state for any physical temperature. Therefore, no high temperature collapse transition is found, when the density of salt is 0 Ͻ. As the temperature is lowered, however, the ionic association becomes energetically favorable and the free ions of the salt to condense onto the charged monomers of the PA. Indeed, in this region x, s , and ␣ are not a single valued function. Besides the dilute globular state ͑designed with d in Fig. 5͒ , there are two other branches: one metastable ͑designed with m in Fig. 5͒ and another stable branch ͑assigned by l in Fig. 5͒ . In the presence of a good solvent, the polymer in this last stable branch is actually extended. At T*ϷT * ͑see Fig. 3͒ , there is a first-order phase transition between the dilute globular state and the low temperature extended state. This transition actually happens at such a low temperature ͑see Appendix C for details͒, that it is even difficult to give a good estimate numerically.
For a quench on vapor side, as the temperature is decreased, the density of the salt inside V i , s , exhibits an interesting behavior. Even if the density outside V i is fixed at the vapor phase, the density inside V i is at l (T*) ͓see Fig.  5͑c͔͒ . The salt actually separates in two phases, a liquid phase inside the globule and a vapor phase outside. Therefore, even for a very low density of the salt outside the globule 0 ϭ v (T*) the density of salt inside is quite large ͓ s ϭ l (T*)͔. Finally, the density of the salt was fixed at c *Ͻ 0 * ϭ0.006 36Ͻ* ͑at T*ϭ0.0619), which implies a quench on the liquid side of the coexistence curve, but in the region where the collapse transition is absent. In this case, like in the preceding situation, the polymer is in the dilute globular state for almost all temperatures. Differently from what has happened on the vapor side of the coexistence curve, at low temperatures there is a smooth crossover from the globular state to the extended state.
As we pointed out in the last two cases, when the density of the salt is small 0 Ͻ the DH contribution is governed by the density of polymer. For large temperatures, there are almost no dipoles, x→0 and the density of salt inside the volume V i approaches the value outside 0 . In this region z becomes small and the DH limiting law can be used in Eq. ͑22͒, which becomes
where W E ϵ f a 3/2 ͱ4 f /6(T*) 3/2 . In the N→ϱ limit, the solution of Eq. ͑25͒ implies a finite value for the density and, consequently, the size of the polymer scales as
where a 0 ϵ3T*(W 1 */4) 2/3 a/ f (1Ϫx), with W 1 *ϵW 1 /a 3 as a dimensionless parameter, corresponding to the quality of the solvent.
Below T * the conformation of the PA is governed by branch l ͑see Appendix C͒. Since along this branch all the monomers are neutralized by the counterion, the attractive electrostatic interaction is absent and in Eq. ͑22͒ the hardcore repulsive term ͑repulsive͒ has to be balanced by the elastic term ͑attractive͒. In this case, we find that
which is the same as for a neutral polymer: Unfortunately this interesting behavior will be impossible to observe experimentally since T * is too low.
V. CONCLUSION
In this work, we have analyzed the behavior of a neutral polyampholyte in the presence of salt, using the full DebyeHückel-Bjerrum-Flory ͑DHBjF͒ theory. Allowing for the association between the charged monomers and the free ions of salt, we found that when the density of salt is large 0 Ͼ, at high temperatures the PA is extended. As the temperature is decreased, there is a collapsed transition to a dilute collapsed state at TϭT . As the temperature is decreased even further, the free ions of the salt associate with the charged monomers, decreasing the electrostatic attraction. In fact, at zero temperature, all of the monomers are neutralized and, since there is no free charges left, the chain behaves as a usual neutral polymer. Therefore, in the presence of a good solvent, there is a crossover from a dilute globular state to an extended state at low temperatures. If the density of salt is small 0 Ͻ the polymer is in the dilute collapsed state for almost all temperatures.
This behavior is similar to that found experimentally by Corpart and Candau ͓26͔ in their study of an aqueous solution of neutral PAs. They observed that a neutral chain containing equal number of positive and negative monomers is insoluble in a low density electrolyte. This is in agreement with our conclusion that the PA will remain collapsed if the density of salt is less than . If the density of salt is increased above , for TϾT , the chain swells and becomes soluble. This is indeed what was observed in the experiments of ͓26͔.
Our analysis extends the work of HJ. We obtain explicitly the value of the transition temperature T ͑Fig. 2͒ as a function of salt density. Furthermore, we demonstrate that the unphysical instability observed by HJ is a result of their use of the Debye-Hückel limiting law and is hidden inside the metastable region when the full DHBj theory is applied.
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where ␦Ӷ1.
The density of free charges along the polymer can always be defined as ϭ␥ 0 . In this case, the total density of charges inside V i is 1 ϭ 0 ͑ 1ϩ␦ϩ␥͒, ͑B2͒
where ␥ϭ f ␥. If 0 Ͻ, ␥Ͼ1 and, therefore, at high temperatures, where association becomes irrelevant, the electrostatic contribution to the free energy scales as 3/2 . This attractive interaction is balanced by second virial term W 1 2 /2, which forces PA to collapse.
If the density of salt is bigger than a fixed value 0 Ͼ we have ␥Ͻ1. Therefore, in this case, ␦ and ␥ can be treated as small parameters. Solving Eq. ͑23͒ for ␦ up to second order in ␥ gives If the density of salt is chosen to be on the vapor side of the coexistence curve, at very low temperatures Eqs. ͑22͒, ͑23͒, and ͑24͒ exhibit two possible solutions: one with s ϭ v ͑low density of salt͒ and another with s ϭ l ͑high density of salt͒ as T*→0. The first solution exists only for low temperatures, while the second is present for all temperatures. Consequently, we have to investigate if there would be a phase transition between these two phases as the temperature is decreased. In order to address this question, we have to compare the respective free energies for the two branches.
The free energy associated with the solution with low density of salt is obtained by substituting 
͑C4͒
Comparing Eqs. ͑C2͒ and ͑C4͒ gives that ␤G C
